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MAGNETIC CHIRAL SOLITONS STABILIZED
BY OERSTED FIELD AT A THIN-FILM NANOCONTACT
WITH ELECTRIC CURRENT

Static magnetic solitons in a thin film such as skyrmions are metastable states that can be sta-
bilized through a balance of the exchange interaction and various relativistic interactions. One
of the most effective stabilizing terms is the antisymmetric exchange along with others such as
magnetostatic interactions in confined structures, as well as a current-carrying nanocontact on
a thin ferromagnetic film. In this article, the effect of a nanocontact current on the energies of
both topological (T-type) and nontopological (NT-type) solitons has been investigated. Without
an antisymmetric exchange interaction, the Oersted field from a nanocontact can stabilize both
soliton types with the NT soliton as the ground state. With the antisymmetric exchange, there
s a critical nanocontact current, where the T soliton becomes the ground state.
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1. Introduction

Chiral magnetic skyrmions are localized soliton-like
structures having topological charge (Q = =+1) in
quasi-two-dimensional (2D) magnetic systems. Their
topological properties and small size make skyrmions
useful for nanoscale applications such as magnetic
memory, logic devices [1], and high frequency spin-
torque oscillators [2-6]. One of the first exact mag-
netic skyrmion solutions was obtained by Belavin and
Polyakov [7] for the 2D isotropic Heisenberg model
in the continuum approximation. A special case of
this solution is simply the mapping of magnet’s plane
onto the magnetization sphere having energy inde-
pendent of the soliton size. This soliton is topologi-
cally stable, but it becomes unstable, if a small easy-
axis anisotropy is accounting for, which results in
a collapse of the structure. Indeed, according to the
Hobart—Derrik theorem, any 2D energy density with
only second-order magnetic gradients cannot support
static solitons. However, it has been shown that the
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dynamic precession of the magnetization about an
easy axis will support stable dynamic solitons, see
[8-11] and [12] for the review. Recently, it has been
shown that such precessional skyrmions can be sta-
ble in a nanocontact carrying a spin polarized cur-
rent [13].

In general, the stabilization can be achieved
through a delicate balance of the exchange interac-
tion and various relativistic or exchange-relativistic
interactions. It was initially shown [14, 15] that the
stabilization is possible with the Dzialoshinsky—Moria
(DM) interaction in non-centrosymmetric magnets
and at interfaces [16]. This interaction can favor
the formation of skyrmion ground and metastable
states, as well as skyrmion lattices [16-18]. In addi-
tion to the DM interaction, other stabilization mech-
anisms have been investigated. First, the compet-
ing interactions from the frustrated exchange [15, 19,
20], which can support large-radius solitons in two-
dimensional systems, can be mentioned. Competing
interactions from magnetic dipolar interactions [21—
24] have also been shown to support skyrmion struc-

933



C.E. Zaspel, G.M. Wysin, B.A. Ivanov

Q Q
m,
Lda
m; my d; im,
ds
dis
m,
o O
Fig. 1. Square lattice structure indicating the DM vector
orientation

tures in confined nanostructures. More recently, it
has been demonstrated that the curvature on a film
surface [25] can provide the chirality to stabilize
skyrmions, where the soliton size is related to the
surface curvature. Finally, the specially designed pat-
terned thin ferromagnetic films can provide the chi-
rality necessary for the formation of magnetic vortices
[26] and skyrmions [27].

In this article, the single soliton formation at a
nanocontact is investigated, and it is remarked that
both topological (T) with @ = +1 and nontopological
(NT) solitons with Q = 0 are stable even in the ab-
sence of a DM interaction. The T soliton is defined as
a complete mapping of the plane of a 2D magnet onto
the magnetization sphere M? = M2, where M is the
magnetization and Mg is the saturation magnetiza-
tion. The NT soliton is characterized by the incom-
plete mapping leaving a hole in the magnetization
sphere. If the DM interaction is absent, it is shown
that the N'T soliton is always the lower energy state,
than the T soliton, but they both are structures stable
against small perturbations. Including the DM inter-
action in the energy density, it is found that there
is a critical nanocontact current, above which the
T soliton will have the lower energy. This effect has
potential device applications, since the energies of T
and NT solitons can be manipulated through an ex-
ternal current. First, the magnetization distribution
in the solitons is obtained by the minimization of
the continuum approximate energy and the numerical
solution of the corresponding Euler-Lagrange equa-
tions. These solutions are then used to calculate the
energy by a numerical integration of the energy den-
sity in the continuum approximation.

We begin with the energy in the continuous approx-
imation for a magnetic thin film with a nanocontact of
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radius rg carrying a current I. It is also assumed that
the film is thin so that the magnetization is indepen-
dent of the coordinate in the direction perpendicular
to the plane, i.e., the distribution of the magnetiza-
tion is two-dimensional. First, the exchange energy is

Wiy = AL/ (Vm)?d?r, (1)

where A is the inhomogeneous exchange constant,
L is the film thickness, and m = M/Mg =
= (sin(6) cos(ip), sin(0) sin(p), cos(f)) is the normal-
ized magnetization, where # and ¢ are the polar
and azimuthal angles of the magnetization in the
film. The easy-axis anisotropy energy is,

Wa =KL / sin” Odr, (2)

where K > 0 is the anisotropy constant. In the
expression for the Oersted and DM energies, it is
assumed that a Bloch skyrmion is centered at the
nanocontact with ¢ = x + /2, and 6(r) is a function
of r only in polar (r,x) coordinates. Then the Oer-
sted energy for a nanocontact of radius 7y carrying a
current I is

Mgl
Woe = _N02 5 L/f(r) sin @d>r, (3)
T

where f(r) = r/(r3) for r < ro, and f(r) = 1/r for

r > rg. The DM energy supported Bloch skyrmions
is [14, 15]

1
Wpay = DMAL / (0, + —sin @ cos 0)d>r, (4)
r

corresponding to the DM vector illustrated on a dis-
crete lattice in Fig. 1. Here, the r subscript indicates
a radial derivative.

Next, the minimization of the energy density with
respect to 6(r) gives the following differential equa-
tion:

1 1 1
Opr + -0, — <+ ) sin 0 cos 0 +
T

r2 l%(
() cosf +

in”6 = 0.
o T~ sin 0 (5)

+

Here, we have introduced the characteristic lengths
corresponding to the various contributions to the en-
ergy, 1% = A/K, lpy = 2A/(DM%), and lo. =
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=4nA/(uoMgI). The function 6(r) of a soliton is ob-
tained through the numerical solution of Eq. 5 us-
ing the shooting method for the boundary condition,
6(0) = « for the T soliton, and 6(0) = 0 for the NT
soliton. It is remarked also that & — 0 as 7 — oo on
the thin film. For large values of r, Eq. 5 is linearized,
and the large-r solution is obtained:

I

o loer'

(6)

This large-r form for the soliton structure has a signif-
icant contribution to the soliton energy. A magnetic
soliton typically has a finite energy independent of
the system size, which is indeed the case for all of
the above terms in the total energy, except for the
Oersted term, where the energy density has a 1/r2
dependence. Therefore, in the following, the soliton
energy is expressed as W(r.) = Wi(r.) + Wa(r.),
where Wj is the energy obtained by the numerical
solution of Eq. 5 in all contributions to the energy
and by the integration of this solution to a cut-off
upper limit, r.. The second contribution to the en-
ergy, Wo, is obtained by the analytic calculation of
the energy integrals using Eq. 6 from r. as the lower
limit to an upper limit, R. Then the cut-off is chosen
so that the total energy, W(r.), has no significant
dependence on 7.

There are two types of solitons investigated by the
solution of Eq. 5: the first is a skyrmion or topolog-
ical soliton, where § = 7 at » = 0, and the second
is a nontopological soliton, where § = 0 at r = 0. It
is also remarked that the W5 contribution to the en-
ergy is independent of the soliton type, so only the
Wy contribution will be presented for each type. Let
us first solve Eq. 5 in the case where the DM inter-
action is absent, and the chirality is provided by the
Oersted field. The solutions are obtained using typi-
cal parameters of skyrmion-bearing thin films, A = 16
pJ/m and Mg =1.1 MA/m.

First, we consider these two types of soliton struc-
tures, a topological (T) soliton and a nontopological
(NT) soliton without the DM interaction. For cur-
rents of 20 mA and 100 mA with [ = 20 nm, these
two soliton structures are illustrated in Fig. 2. At the
high current, the ring-like region, where the soliton
has an approximately planar (§ = 7/2) vortex struc-
ture, is present. Moreover, it is also seen that signif-
icant structural differences between the T and NT
solitons are only observed for » < 100 nm. The Wy
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Fig. 2. T and NT soliton structures for a nanocontact of the

radius 79 = 50 nm with currents of 100 mA (gray) and 20 mA
(black)
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Fig. 3. Negative energy of T solitons (black) and NT solitons
(gray) versus the current without the DM interaction. Here

and below in Fig. 4, the energy is measured in units of AL,
where A is the exchange constant, and L is the film thickness

values of both soliton structures with r. = 400 nm are
calculated by the numerical integration of all nonzero
contributions to the energy with the results shown
in Fig. 3. Here, it is noticed that the NT soliton en-
ergy is always lower than the T soliton energy, al-
though these energies become very close at high cur-
rent values.

Finally, the combined effect of the DM and Oer-
sted interactions is considered. Here, it is necessary
to begin with a small enough DM interaction and
nanocontact current combination so that the cycloid
states will not be present. For the parameters con-
sidered here, this implies that Ipy > 40 nm. The
current-dependent soliton energies for the parame-
ters, Ipm = 40 nm and [x = 20 nm are seen in
Fig. 4. Here, we note that there is a critical current,
I. = 28.9 mA, where the T soliton energy becomes
lower than the NT soliton energy. For smaller values
of the DM interaction or larger values of Ipy, a larger
critical current is required. The DM-dependence of
the critical current is seen in Fig. 5. Regarding the
question of stability of both soliton types, prelimi-
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Fig. 4. Soliton energy versus the current for T solitons (black)
and NT solitons (gray) in the presence of the DM interaction
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Fig. 5. Critical current versus Ipn

nary numerical simulations indicate that both T and
NT solitons are stable against small perturbations for
the parameter ranges considered here.

In conclusion, as expected, a skyrmion can be
formed in an Oersted field without the DM inter-
action. However, the skyrmion is not necessarily the
lowest-energy soliton. A combination of the DM in-
teraction and an Oersted field will result in the
skyrmion having the lowest energy providing an out-
side method to manipulate soliton energies through a
nanocontact. In addition to the skyrmion (T-soliton)
and the N'T soliton, it is also possible to find skyrmio-
nium structures having the zero topological charge, as
well as cycloid states above critical DM and nanocon-
tact current values, but these will be the subject of a
further research.
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MATHITHI XIPAJIBHI COJIITOHN

B TOHKOIIJIIBKOBOMY HAHOKOHTAKTI
3 EJIEKTPIYHUM CTPYMOM,
CTABIJII3OBAHI ITIOJIEM EPCTE/JJA

Peszmowme

Craruani MargiTHi COTiTOHN B TOHKIH MBI, Taki K CKipMioH,
SIBJISIIOTH COOOI0 MeTacTabl/IbHI CTaHM, siKi MOXKYTb OyTH cTabi-
Ji30BaHi 3a JI0MIOMOrow GasiaHCcy OOMIHHOI B3ae€MOZil 1 pi3HUX
pensiTuBicTCbKUX B3aemoziil. OxnumM 3 HaMGiabII epeKTUBHUX
CcTablIi3yI0YNX YJIEHIB € aHTUCUMETPUYHHUI OOMiH Iopsij 3 iH-
IMMJ, TAKAMH SIK MarfiTocraThdHi B3aeMonil B OOMeXKeHHX
CTPYKTypaxX, a TaKOXX y HAHOKOHTaKTi i3 CTpyMOM Ha TOH-
Kiit dpepomaruiTHiil wriBni. B maniit crarTi mocaigkeHo BIinB
CTPyMy HAHOKOHTAKTY Ha €HEpriio gk ronosoriunnx (T-tumy),
Tak i Heronosoriyaux (NT-Tumy) conitonis. Bes antucumerpu-
qHOl OOMiHHOI B3aemomil mosie Epcresa HAHOKOHTAKTY MOXKe
crabinmizyBatu obunsa Tunu cosiitouiB, NT-cosiTonu € ocHOB-
HUM cTaHoM. IIpyu HasgBHOCTI aHTUCUMETPHYHOrO OOMiHY BUHU-
Ka€ KPUTHIHHUI CTPyM HAHOKOHTAKTy, IpU sikoMy T-cositon
CTa€ OCHOBHUM CTaHOM.
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